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Summary

The co-occurrence of three chromosome-wide phenomena — imprinting, facultative
heterochromatization and diffuse centromere — in the mealybug Planococcus lilacinus makes
investigation of the genomics of this species an attractive prospect. In order to estimate the
complexity of the genome of this species, 300 random stretches of its DNA, constituting ~ 0-1%
of the genome, were sequenced. Coding sequences appear to constitute ~ 53-5%, repeat sequences
~ 44-5% and non-coding single-copy sequences ~ 2% of the genome. The proportion of repetitive
sequences in the mealybug is higher than that in the fruit fly Drosophila melanogaster (~ 30%).
The mealybug genome (~ 220 Mb) is about 1-3 times the size of the fly genome (~ 165 Mb) and
its GC content (~ 35%) less than that of the fly genome (~ 40 %). The relative abundance of
various dinucleotides, as analysed by the method of Gentles and Karlin, shows that the
dinucleotide signatures of the two species are moderately similar and that in the mealybug there is
neither over-representation nor under-representation of any dinucleotide.

1. Introduction

In mealybugs and related coccids (Coccoidea; Hom-
optera; Insecta) there is a system of chromosome
behaviour termed ‘lecanoid’ whose unusual features
are of considerable interest (Schrader, 1921 ; Hughes-
Schrader, 1935, 1948; Brown, 1959; reviewed in:
Chandra & Brown, 1975, Brown & Chandra, 1977;
Nur, 1981). In the majority of mealybug species the
diploid number of chromosomes is 10, and there are
no sex chromosomes (Brown, 1959, 1961). During
early development, male and female embryos are
indistinguishable and possess morphologically ident-
ical chromosome complements. However, as adults
the two sexes show extreme sexual dimorphism: adult
males are small and possess a pair of wings whereas
females are much larger, wingless and larva-like
(Fig. 1). Maleness is associated with inactivation of
a haploid set of chromosomes during embryonic
development. At around the blastoderm stage of
development, 5 of the 10 chromosomes turn het-
erochromatic and become genetically inactive in those
embryos that develop into males. Genetic and cyto-

* Corresponding author. Tel: +91 80 3601382. Fax: +91 80
3602697. e-mail: sharat@mcbl.iisc.ernet.in

https://doi.org/10.1017/50016672302005566 Published online by Cambridge University Press

logical studies have demonstrated that in sexually
reproducing mealybugs the set of chromosomes which
turns heterochromatic and inactive is paternal in
origin (Brown & Nelsen-Rees, 1961). These results

Female Male

Fig. 1. Sexual dimorphism in Planococcus lilacinus. Left:
Adult female. Since this particular specimen was gravid, it
was slightly bigger than virgin females of the same age
and from the same culture. Right: The male possesses
wings, antennae and other features typical of adult
insects. (From Kantheti, 1994; original photograph by Dr
K. S. Jayarama). Each unit in the scale represents

0-5 mm.
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represent one of the earliest demonstrations of
genomic imprinting. In interphase nuclei of male
insects the paternal set of chromosomes appears as a
heterochromatic chromocentre and the 5 maternal
chromosomes appear as diffuse euchromatin. Since
half of his genome is inactive, the male is said to be
a ‘physiological haploid’ (Hughes-Schrader, 1948).
Sex determination is therefore thought to be of the
haplo-diploid type (Hughes-Schrader, 1948 ; Chandra,
1963b; Nur, 1963; Chandra & Brown, 1975; Brown
& Chandra, 1977). There is no recombination in the
male; he transmits only his mother’s chromosomes;
his father’s chromosomes are eliminated during the
second meiotic division. There is recombination in the
female, and meiosis is inverted, the first being
equational and the second reductional (Chandra,
1962).

Experiments involving irradiation of parents prior
to mating have shown that paternally derived chrom-
osome fragments, even those that are very small,
become heterochromatic in sons (Chandra, 1963 a),
suggesting that genetic elements regulating imprint-
ing and chromosome inactivation are most likely
distributed throughout each chromosome. Since radi-
ation-induced chromosome fragments are capable of
metaphase alignment and anaphase separation, DNA
sequences concerned with centromeric activity also
are thought to be distributed throughout each
chromosome (Brown & Nelsen-Rees, 1961 ; Chandra,
1963 a). There is one other feature of the mealybug
genome that is of interest. Mealybugs survive very
high doses of ionizing radiation and reproduce
thereafter (Chandra, 19634, b). They must therefore
possess a highly efficient machinery for DNA repair.

Much of our early understanding of genome
complexity of model eukaryotes was based on ana-
lytical centrifugation of genomic DNA and the kinetics
of reassociation of the different fractions (Britten &
Kohne, 1968; Britten & Davidson, 1973). Pruitt &
Meyerowitz (1986) proposed shotgun sequencing of
DNA as an alternative to this method and demon-
strated its utility in their study of genome complexity
in the mouse-ear cress Arabidopsis thaliana. They
showed that it was possible to determine the broad
features of the A. thaliana genome by sequencing as
few as 50 randomly chosen recombinant clones
(average insert size ~ 12:80kb; ~ 0:05% of the
genome) and that the results so obtained gave a
reliable estimate of genome complexity. The com-
plexity of the genome of the puffer fish Fugu rubripes
was determined by Brenner et al. (1993) in a similar
manner by analysis of ~ 600 random stretches of
genomic DNA from a library containing small inserts
(average size ~ 200 bp). By probing the genomic
library with single-copy sequences, this method
also allowed the estimation of the genome size of
F. rubripes.
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We describe in this report certain features of the
mealybug genome as revealed by analysis of 300
genomic shotgun sequences. We compare these fea-
tures with those of the Drosophila genome as
ascertained by a similar analysis of 100 random
stretches of DNA downloaded from the fly genome
database. The sample size upon which this characteri-
zation of the mealybug genome is based represents
~ 0-1% of the genome.

2. Methods
(1) Mealybug shotgun sequences

Mealybug genomic DNA was digested to completion
with Sau3A1 and cloned into A ZAP Express vectors
(Stratagene) whose maximum cloning capacity is
10 kb. The Sau3A1 fragments ranged in size from
~ 300 bp to ~ 40 kb. To estimate the proportion of
the genome represented in these fragments, a Southern
blot of Sau3A1-digested mealybug DNA was probed
with a pool of cloned sequences. Most of the
hybridization occurred with DNA in the same size-
range as that of the Sau3A1-digested DNA (data not
shown). Little or no hybridization was detected in the
size range >7-0 kb, suggesting that the mealybug
genome was adequately represented in the Sau3Al
fragments used to construct the library. This library
was excised in vivo to obtain a plasmid library in pBK
CMV. Three hundred recombinant plasmids were
identified from among randomly chosen colonies by
digestion with appropriate restriction enzymes. These
recombinants were sequenced by both radioactive
(manual cycle sequencing) and dye-termination (semi-
automated ; Perkin Elmer) methods. We refer to these
segments of cloned DNA as mealybug shotgun
sequences (MSS). Another library was prepared in the
same vector with DNA that had been partially digested
with Sau3A1. The inserts in this library ranged in size
from ~ 7-0 kb to ~ 9-:0 kb. This library was used for
genome size estimation by screening with single-copy
sequences identified among the MSS by the method of
Brenner et al. (1993).

(i) Fly shotgun sequences

The entire sequenced portion of the fly genome
(Adams ez al., 2000) is represented as 134 assembled
segments of DNA termed ‘scaffolds’ which range in
size from ~ 30 kb to > 1 Mb (Myers et al., 2000). All
scaffolds in the database were downloaded (www.
ncbi.nlm.nih.gov/entrez/query?CMDsearch&DB =
genome). From among them, 100 segments (average
size ~ 500 bp) were randomly chosen for analysis. The
total length of the chosen segments was 50-2 kb, which
constitutes ~ 0-03 % of the genome. We refer to this
subset of sequences as fly shotgun sequences (FSS).
The number of FSS selected per chromosome was
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proportional to the fraction of the genome represented
in that particular chromosome. It was ensured that
the FSS were more or less uniformly distributed along
each chromosome.

(iii) Dinucleotide analysis and genome signature

The proportions of the various dinucleotides were
determined by nearest neighbour analysis. Their
individual frequencies and relative abundances (p*)
were calculated by the method of Gentles & Karlin
(2001):

p*xy = fav/fxSvs

where f is the frequency of the dinucleotide XY, f
the frequency of the nucleotide X, and f; the frequency
of nucleotide Y. A p*y, value < 078 indicates that
XY is significantly under-represented and a p* value
> 1-23 suggests that XY is over-represented.

From the values of p’y,, dinucleotide relative
abundance distance (6*) was calculated between DNA
sequences as follows (Gentles & Karlin, 2001):

1 . .
M*(p,q) = 1—6le xy (P)—p xv(q) | x 1000,
XY

where p and ¢ are two sequences under comparison.
The values of 6* in fly DNA range from 42 to 68
(Gentles & Karlin, 2001). Hence, in the present study
involving comparisons of the values of dinucleotide
relative abundance (p*) between FSS and other
sequences, a 0* value > 70 was considered significant.

The CpG ratio, which is a measure of the
representation of CpG dinucleotides, was determined
by the method of Gardiner-Garden & Frommer
(1987):

units of complex nature and of length > 20 bp;
Table 1). The proportions of microsatellites within
exons, introns and intergenic regions were determined
following the method of Toth e al. (2000). For this
purpose, non-coding sequences were considered as
intergenic regions. Within coding sequences open
reading frames (ORFs) of size = 100 bp were taken as
exons and the remainder (i.e. those regions outside
ORFs) were taken as introns.

(v) Southern hybridization

Genomic DNA samples digested with restriction
enzymes were resolved on 1-0% agarose gel, trans-
ferred under alkaline conditions by the downward
capillary method to Hybond N+ membrane, and
cross-linked by using Stratalinker (Stratagene, USA).
Prehybridization, hybridization and post-hybridiza-
tion washes were carried out at 65 °C in high-SDS
buffer (7% SDS, 5 x SSC, 50 mM sodium phosphate,
pH 7-0) following the methods described by Sambrook
& Russell (2001).

3. Results

We sequenced 300 clones that were randomly chosen
from a genomic library obtained by digesting mealy-
bug DNA with Sau3A1l. These sequences, which we
refer to as mealybug shotgun sequences (MSS),
totalled ~ 210 kb. One hundred randomly down-
loaded segments of fly DNA (~ 50 kb), which we
refer to as fly shotgun sequences (FSS), were analysed
for comparison with MSS. The GC content of MSS is
~ 35% and that of FSS is ~ 40 %, suggesting that
mealybug DNA is more AT-rich than fly DNA. The
GC content of MSS reported here is comparable to
the values obtained earlier by Deobagkar ez al. (1982)

CpG ratio =

If this ratio is < 0-6, there is said to be suppression of
CpG dinucleotides, and if it is > 0-6, there is said to
be no CpG suppression.

(iv) Sequence analysis

Shotgun sequences were analysed using BLASTX to
identify coding sequences with homologues in the
SwissProt database. The remaining sequences were
classified as non-coding sequences and analysed using
the REPEAT program (GCG sequence analysis
software) to identify repetitive sequences. The mini-
mum size of the repeat unit was set as 10 bp and no
mismatches were allowed. The identified repeating
units were classified into microsatellites (sequences
with mono-, di-, tri-, ..., decanucleotide repeats;
Table 1) and minisatellites (sequences with repeating
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Total number of CpG residues x Total length of the sequence
Total number of Cs x Total number of Gs '

for P. lilacinus geonomic DNA (33.7 % by dinucleotide
analysis and 32.9 %, by reassociation kinetics).

(1) Dinucleotide composition

The proportion of dinucleotides was determined by
nearest neighbour analysis. Among FSS CpG is the
most rare dinucleotide (42 %), whereas among MSS
GpCis the rarest (3:3 %). There is no CpG suppression
in either MSS (CpG ratio ~ 1-08) or FSS (CpG ratio
~ 091). TpT/ApA is the most common dinucleotide
in both MSS and FSS (20-5 % and 165 % respectively).
To examine whether there are differences in dinucleo-
tide composition between FSS and MSS, the relative
abundances of the different dinucleotides (p%y) were
determined (see Section 2). As shown in Fig. 2, there
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CT GT TC

Fig. 2. Analysis of dinucleotides among mealybug shotgun sequences (MSS) and downloaded fly shotgun sequences
(FSS). The points (circles and triangles) show dinucleotide relative abundance (p*) values in MSS and FSS. Differences
in p* values between MSS and FSS are higher for the dinucleotides CG, GC, TA, AT and GA/TC (arrows) than

for the other dinucleotides.

Table 1. Repetitive sequences in MSS and FSS

MSS
Nature of the

FSS

repeat Repeat unit No. of clones  Total length (bp)  No. of sequences  Total length (bp)
Minisatellites 10-15 bp 43 30071 4 1995
15-20 bp 6 4178 2 1012
50-100 bp 8 5549 2 1006
> 100 bp 12 8383 1 489
Microsatellites ~ (A-T),, n > 10 42 29645 8 4016
(G-C),,n>10 4 3027 0
(GA-TC),, n > 10 2 1642 5 2502
(AGC-GCT),,n>8 0 3 1489
(GAAATTT),, n>17 1 6389 0
(A,T,),norm=>4 14 10275 3 1506
Total 132 93459 28 14015

Sequences containing microsatellites constitute ~ 22 % of MSS and ~ 19 % of FSS. The proportion of sequences containing
minisatellites among MSS and FSS is 23 % and 10 %, respectively.

is neither under-representation nor over-represen-
tation of any dinucleotide among MSS (p* values
range from 099 to 1-21). On the other hand, there is
significant over-representation of GpC dinucleotides
among FSS (p* =1-37). The dinucleotide relative
abundance distance (6*) between FSS and total fly
DNA was estimated to be ~ 587 (which is not
significant); whereas the §* between FSS and MSS is
~ 73-0. Since §* within fly sequences varies from 42
to 68 (Gentles & Karlin, 2001), these results suggest
that the genome signatures (Karlin & Ladunga, 1994)
of the fly and the mealybug are, in the terminology
of Gentles and Karlin, ‘moderately similar’.

(i1) Microsatellites and minisatellites

Twenty-eight of the 100 FSS studied contain repetitive
sequences, of which 19 contain microsatellites and 9
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contain minisatellites (Table 1). The total length of the
microsatellites in FSS is 269 bp (Table 2). As
mentioned above, the size of the fly DNA sample
studied was ~ 50 kb. On this basis, each megabase of
fly DNA is estimated to contain microsatellites of size
amounting to 5380 bp (269 x 1000 kb/50 kb). The
microsatellites in FSS are distributed more or less
equally among coding and non-coding sequences.
However, within coding sequences the microsatellites
are ~ 25 times more frequent in introns than in
exons.

One hundred and thirty-two of the 300 MSS studied
contain repeat sequences. These repeats correspond to
93459 bp and constitute ~ 44-5% of the MSS. Among
the 132 repeat sequences, 63 contain microsatellites
(45278 bp, constituting 21:6% of MSS) and the
remaining 69 contain minisatellites (48181 bp, con-
stituting 22:9 % of MSS). The total length of micro-
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Table 2. Distribution of microsatellites among MSS and FSS

MSS FSS

Coding Coding
Repeat unit Exons Introns Non-coding Total Exons Introns Non-coding Total
Mono 0 19 37 56 0 17 26 43
Di 0 31 42 73 0 29 40 69
Tri 29 14 21 64 27 13 15 55
Tetra 0 12 13 25 0 12 14 26
Penta 0 13 17 30 0 13 15 28
Hexa 12 15 23 50 12 15 21 48
Total (in bp) 41 104 153 298 39 95 135 269

Microsatellites > 12 bp in length which contain repeating units ranging from 1 bp to 6 bp. In both MSS and FSS the
microsatellites occur at more or less the same frequency in coding and non-coding sequences. However, within coding
sequences they occur ~ 2-5 times more often in introns than in exons. The total length of microsatellites per 50 kb of MSS
is about 298 bp and the corresponding value for the FSS studied is 269 bp.

satellites in MSS is 1252 bp and their estimated length
per Mb of mealybug DNA is ~ 5960 bp, about 1-1
times higher than in FSS. This value and the between-
species ratio of the proportions of microsatellites
(21:6 % (MSS)/ 19% (FSS) = 1-1) are identical. The
distribution of microsatellites among coding and non-
coding sequences within MSS is similar to that in FSS.

The proportion of minisatellites is higher in MSS
(~23%) than in FSS (~ 10%). The minisatellites
among MSS do not show homology to any dispersed
category of repeat sequences in the databases, sug-
gesting that they may be clustered repeats. The most
common minisatellite (6 % of the repeat sequences) is
180 bp long and is represented in eight clones.
Southern analysis of mealybug DNA with this
sequence confirmed that it is a clustered repeat (Fig.
34). A 300 bp repeat was identified in two clones.
This sequence contains several internal tandem repeats
which range in size from 20 bp to 40 bp. As shown in
Fig. 3 B, this sequence hybridizes to mealybug DNA
over a wider size range than does the 180 bp repeat.
There are seven clones containing sequences that are
both non-repetitive and non-coding. These unique
single-copy sequences constitute ~ 2:03 % of the MSS.
Such single-copy sequences were not found among the
FSS.

(iii) Poly(A/T) stretches and GAAAA repeats

Forty of the 300 MSS were found to contain (A/T),
tracts and GAAAA sequences. Of these 40, 16 are
non-coding and 24 are coding. Within coding se-
quences, these features occur twice as often in introns
as in exons.

(iv) Genome size estimation

One hundred and sixty-one of the 300 MSS studied
are coding. The total length of these sequences is
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112-:34 kb and they constitute 53-:5% of MSS. In the
case of FSS, 72 of the 100 sequences (36:20 kb),
constituting 71-9 % of the downloaded sequences, are
coding. These results suggest that the proportion of
coding sequences in the genome of the mealybug is
smaller than in the fly. However, since mealybug and
fly are phylogenetically related organisms belonging
to the same taxonomic class, it is not unreasonable to
expect that the repertoire of genes in the two species
would be similar. Since the proportion of coding
sequences in the mealybug genome appears to be
smaller than that in the fly genome, the size of the
mealybug genome is expected to be correspondingly
larger (71-9/53:5), i.e. 1-34 times the fly genome. On
this basis, we estimate the size of the mealybug
genome to be about 221 Mb (1-34 x 165, the size of the
fly genome). Genome size was also estimated by
screening a mealybug genomic library with 10 single-
copy sequences obtained by the shotgun method. The
library contained inserts ranging from ~ 7-0 kb to
~ 9-0 kb (see Section 2). The results of this experiment
suggest that on an average 25186 plaque forming
units represent the size of the mealybug genome. This
gives an estimate of ~ 201 Mb for the size of the
mealybug genome (25186 x 80 kb, the average insert
size). Thus, the estimates obtained by the two methods
are not dissimilar and are in agreement with that
obtained by Muralidharan (1985) by photometry of
Feulgen-stained nuclei (~ 220 Mb).

4. Discussion

The studies of Pruitt & Meyerowitz (1986) on A.
thaliana and those of Brenner et al. (1993) on F.
rubripes have shown that by sequencing and analysis
of random stretches of DNA constituting as little as
0-05% of the genome, it is possible to estimate the
broad features of a complex genome. In the present
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1032 TTCTTGTTTTACCAGGACAGCAAMTGGGT ACTARCCARGGAMMAMTTAGT TGCTGCTGGAGATATACAAATGTTIGTTCTT
1053 TTCTTTTTTTACGAGGACAGCAAMTGGGT ACT TACCAAGGTAMMTTAGT TGCTCCTGGAGATATACATTTGTIGTTCAT 23.] = L
1103 TTCTTTTAATACGAGGACAGGAAATGGET ACTARCCARGETATAAT ——— ————————— GGTGATARACAAATGANGTTCTT ’ £4
1120 TTCiTTﬂTTﬁTMMCWTGGGTICTMCTRGGTMTT!FTWCWTGGMATWWWTFTT - '
1168 TTCTTTTTTTACGAGGACAGCAM TGEGT ACTARCGT AGGTAAMMATTAGT TGCTGCTGGAGATARACAMTGTTGTTCTT -
PP L R —— GGACTGUARATGGGT ACT AACCARGG TARRAAAT AGT TGC TGCTCOAGATARACARAGGTTGTTCTT 9.4
1246 TTCTTTTTTTACGAGGACAGCARATGGGT ACTARCCARGGTAAARATTAGT TGCTGUT TGAGATARACAAATGTTGATCTT
1273 TTCTTTTTTTACGAGGACAGCARATGGET ACTATCCARGETARARAT T AGT TGC TG TGGAGAT ARACAAMTGTTGTTCTT
1032 ARARTTTTAAGGTAAGTTTTGACIGOGTCCGTATTCTCSCEACCACT T TCATARCATAT TATACGTCAACACAGCTTATC 43
1053 ARARTTATTAGGTAAGTTCTGACTGOGTT CETATTCTCGTEACGACTTCTCTTARCATATTGTAGGTCATCACAGOGTATC
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1120 AAMATTTTTAGGTAAGTTTTGACTGOGTTCGTATTCTCGTGACCACTTCTCATAACATATTGTACGTCATCACAGOGTATE - =
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124€ MTTPATTAGGTMCTTTTGHCMCGTTOG-TRTICTCGGCACCACT ---------------- ACSTCATCACAGOGTATC 2.0
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1032 CGTATTTGTTTTTCTGTA
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CAATTTTGTGETCAATTTGGARRATTTTCATTTTCGATAT GAGAT TAATCTCACACCCGOGAR ]
TTTAATTTGATTAATTCAAACCCAAAATTTCTCTACTGGACCAT T TTGAGGTCAAT TTGGAAG 43
ATTTTTCATTTTCGATAT GAGATTAATCTCATACCCGCGAAATTATAATTTGATTTATTCGAR .- *
CCCAPAATTTCTARACTAGACCCATTTTGGGGTCAATT TGGAARATTTATCATTTTCGATATG
AGATTAATCTCATACCGHE 23 '
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Fig. 3. Two mealybug minisatellites. (4) The most common minisatellite among MSS has a repeating unit of 180 bp,
and it is present in eight clones (indicated by clone numbers at extreme left). It constitutes 6 % of the total repeat
sequences in MSS. (B) A complex 300 bp repeat. This sequence, represented in two clones, contains several internal
tandem repeats (underlined). These internal repeats were also observed in 12 other clones as part of other sequences.
The panels at right show hybridization of Southern blots of mealybug DNA, digested with different restriction enzymes
(lanes: 1, Asel; 2, Hindlll; 3, Hpall; 4, Mspl; 5, Sau3A1l; 6, Mbol; 7, EcoRI; 8, Xhol) to sequences in (4) and (B). The
300 bp repeat, hybridizes over a wider size-range of DNA fragments than the 180 bp repeat.

study, stretches of fly sequences were randomly chosen
from the fly genome database and downloaded. These
sequences, constituting ~ 0-03% of the fly genome,
were analysed for determining the relative proportions
of coding and non-coding sequences, GC content,
dinucleotide composition, proportions of microsatel-
lites and minisatellites, and distribution of micro-
satellites in coding and non-coding sequences. The
estimates obtained from this sample of the fly sequence
are nearly identical to those obtained by analysis of
the total fly sequence (Kram ez al., 1971a, b; Lewin,
1997; Toth et al., 2000; Gentles & Karlin, 2001),
suggesting that sampling even 0-03% of the genome
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may allow a reliable estimation of genome complexity.
It may be noted that in the present study sequences
constituting ~ 0-1% of the mealybug genome were
analysed.

Particular dinucleotides are either under-repre-
sented or over-represented in the genomes of multi-
cellular organisms (Gentles & Karlin, 2001). No such
bias was found in MSS. A similar lack of bias has been
observed in the genome of Sachharomyces cerevisiae
(Gentles & Karlin, 2001). CpG dinucleotides occur
less often in MSS (3:7%) than in FSS (42%).
However, the GC content of fly DNA (40 %) is ~ 1-14
times that of mealybug DNA (35%) and, as a result,
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the proportions of CpG dinucleotides in the two
species are similar (1-14 x 3-7 =4-2). On the other
hand, the proportion of GpC dinucleotides in MSS
(33%) is less (1-14%x3-3 =376%) than in FSS
(54%), in agreement with the findings of Gentles
& Karlin (2001) that over-representation of GpC
dinucleotides is a feature of fly DNA.

Dinucleotide relative abundance distance (%) is
thought to provide information on the degree of
similarity between the composition of dinucleotides in
two genomes (Gentles & Karlin, 2001). In the present
study, 6* values were calculated between mealybug
shotgun sequences (MSS), fly shotgun sequences (FSS)
and total fly sequence. 0* between FSS and MSS was
found to be 73-0, ~ 1-25 times the distance between
FSS and the total fly sequence (58-7). Since 6* within
fly DNA ranges from 42 to 68 (Gentles & Karlin,
2001), the signatures of the fly and mealybug genomes
are, in the terminology of Gentles & Karlin, mod-
erately similar.

The inactive X chromosome in female mammals
and the inactive paternal set of chromosomes in
coccids are well-known examples of facultative chrom-
osome inactivation. Repetitive sequences have been
implicated in such inactivation (Chandra, 1963a;
Brown & Chandra, 1973; Gartler & Riggs, 1983;
Riggs, 1990; Lyon, 1998). In mammals, inactivation
of the X chromosome is regulated by a single locus,
Xist (X inactivation-specific transcript) (Brown et al.,
1991; Penny et al., 1996) located in the X inactivation
centre (XIC) (Russell, 1963; Cattanach, 1974, 1975).
Riggs (1990) suggested that repetitive elements serving
as ‘way stations’ or ‘boosters’ may facilitate the
spread of inactivation. Lyon (1998) has proposed that
long interspersed nuclear elements (LINEs) may
mediate the spreading of inactivation from the XIC.
LINES occur in mouse and human X chromosomes at
frequencies twofold higher than expected (Bailey et
al., 2000) and they are particularly frequent in regions
of the X chromosome that undergo inactivation,
suggesting a possible role for LINEs in the spread of
X inactivation.

Repetitive elements have also been implicated in the
imprinting and inactivation of whole chromosomes in
mealybugs (Chandra, 1963a). The results reported
here, that the mealybug genome contains a higher
proportion of minisatellites than the fly genome, as
well as the earlier results of Kantheti (1994) and
Khosla et al. (1996, 1999), appear relevant to this
hypothesis. Kantheti (1994) observed that ~ 10 % of
male chromatin is resistant to digestion by micrococcal
nuclease. No such nuclease-resistant chromatin
(NRC) fraction was observed in females. It was
therefore inferred that the most likely source of NRC
is the inactive and heterochromatic set of paternal
chromosomes. A subsequent study of 16 NRC-
associated sequences led to the identification of two
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repeat sequences: NRC50 and NRC51 (Khosla et al.,
1999). NRCS50 is organized as nuclease-resistant
chromatin in males but not in females, whereas
NRC51 is nuclease-resistant in both females and
males. Further studies on NRC-associated and other
repetitive sequences are likely to be of interest in
relation to the hypothesis that repetitive sequences
are involved in the chromosome-wide phenomena
characteristic of the mealybug genetic system.
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